Background: An important decision with accelerometry is the threshold in counts per minute (CPM) used to define moderate to vigorous physical activity (MVPA). We explore the ability of different thresholds to track changes in MVPA due to a physical activity (PA) intervention among older adults with compromised function: 760 CPM, 1,041 CPM, and an individualized threshold. We also evaluate the ability of change in accelerometry and self-reported PA to attenuate treatment effects on major mobility disability (MMD). Methods: Data from a week of hip worn accelerometers and self-reported PA data (30-day recall) were examined from baseline, 6-, 12-, and 24-months of follow-up on 1,528 older adults. Participants were randomized to either PA or Health Education (HE). MMD was objectively defined by loss of ability to walk 400 m during the follow-up. Results: The three thresholds yielded similar and higher levels of MVPA for PA than HE (p < .001), however, this difference was significantly attenuated in participants with lower levels of physical function. Self-reported PA that captured both walking and strength training totally attenuated the intervention effect for MMD, an 18% reduction to a 3% increase. Accelerometer CPMs showed less attenuation of the intervention effect. Conclusions: Accelerometry assessment within the LIFE study was not sensitive to change in level in physical activity for older adults with very low levels of physical function. A combination of self-report and objective measures are recommended for use in physical activity intervention studies of the elderly; limitations of accelerometry deserve closer attention.
Introduction
Physical activity (PA) can range in intensity from simple postural shifts (1) to extremely vigorous forms of movement that are now common to high intensity training regimens (2) . Whereas PA guidelines recommend prescribing moderate to vigorous levels of physical activity (MVPA) for older adults that is relative to each individual (3) , it is very difficult to objectively do so. Thus, from a clinical perspective, these guidelines recommend establishing relative intensity by using Ratings of Perceived Exertion (3) . The current study explored the implications of defining MVPA within the Lifestyle Interventions and Independence for Elders (LIFE) study using two different objective thresholds, along with a method developed by Rejeski and colleagues (4) that individualizes thresholds using variables known to correlate with fitness (age and 400 m walk time).
The most commonly cited adult threshold applied to the Actigraph acclerometer is 1952 counts per minute (CPM) published by Freedson and colleagues (5) , although in the NHANES data the threshold was increased to 2020 (6) . Copeland and colleagues (7) used a similar approach as Freedson et al. on a healthy cohort of older men and women (N = 38, mean age of 69.7), who were not taking any medications and were able to walk on a treadmill at a fast pace. They identified the threshold to define MVPA in older, healthy adults as 1,041 CPM. To complicate matters further, Matthew and colleagues (8) conducted secondary analyses on data from participants with a mean age in their 40's (range from 19 to 74 y) who had performed activities of daily living in a real world setting that were known to elicit either a light or moderate metabolic demand. Based on their findings, the authors identified a threshold of 760 CPM, a value that was later applied to the NHANES data set by Evenson and colleagues (9) .
The problem of applying a single threshold for MVPA when studying older adults is clearly illustrated in a recent publication on ancillary data collected in conjunction with the LIFE study. Rejeski and colleagues (4) examined accelerometry data collected during a bout of supervised exercise in a stratified random subset of LIFE participants and found that, while the median threshold was 1,220 CPM (not far from the 1,041 CPM reported by Copeland and colleagues (7)), the 25th and 75th percentiles encompassed a wide range from 715 CPM to 1,930 CPM. In fact, there are a number of studies with various populations that have come to a similar conclusion regarding the limitations of using a single threshold to define MVPA (10) (11) (12) .
Considering the confusion surrounding the choice of a threshold for use in defining MVPA in older adults and interest in PA within the fields of gerontology and geriatric medicine, the current study had three aims. First, we provide descriptive data and tests of group differences on time spent in MVPA for participants in either the PA or Health Education (HE) arms of the LIFE study over the 24 months of the trial using three different thresholds: individualized based on a predictive model using age and 400 m walk time (4), 760 CPM (8), and 1,041 CPM (7). Based on data from the LIFE main outcomes study, we expected to find statistically significant higher minutes per week for each threshold among those in the PA group as compared to HE. Second, we then partitioned these data by baseline quartiles for 400 m walk time to determine whether the effects of the thresholds on patterns of MVPA differed on the basis of participants' level of physical function. And third, we examined how differences between PA and HE in both accelerometry and on a brief self-report measure of PA (the CHAMPS-5) (13), influenced differences in incident major mobility disability (MMD) that were observed between PA and HE across the 24 months of the trial (13) . This third aim was exploratory and designed to evaluate the degree to which the intervention effect on MMD may have been associated with the effect of either activity measure (accelerometry or self-report) on MMD.
Methods

Participants
From February 2010 to December 2011, 14,831 participants were screened for the LIFE study at eight different field centers (see Acknowledgments); 1,635 of these potential participants were eligible and randomized to intervention, 818 to PA and 817 to HE. Details regarding screening, recruitment yields and baseline characteristics have been published (14) as has the CONSORT Diagram and the main outcomes of the trial (13) . The study protocol was approved by the institutional review boards at all participating sites and the trial is registered at ClinicalsTrials.gov with the identifier NCT01072500.
Measures
Accelerometry
Participants were asked to wear a GT3X+ accelerometer for a period of 7 days at each assessment visit-baseline, 6-, 12-, and 24-months. The device was worn on the right hip and produced output that was digitized by a twelve-bit analog to digital convertor at a rate of 30 Hz. Once digitized, the signal passed through a digital filter limiting the frequency range from 0.25 to 2.5 Hz. Data were collected once per second (1 Hz) over the 7 days of data collection. To be considered valid, accelerometry data for any single assessment had to include ≥5 days where the device had been worn ≥10 hours each day. We followed standard guidelines for detecting non-wear time by calculating an amplitude threshold of zero for a period of a consecutive 90-min time window with an allowance of a 2-min interval of nonzero counts (15) .
m Walk
The 400-m walk test is a modified version of a fast-pace mobility walking test originally developed by investigators within the Health ABC study (16) . Participants walk at their usual walking pace for 400 m (10 laps of a 20 m course). At baseline, all participants had to be able to complete the 400-m walk test in 15 minutes to qualify for inclusion into the trial. Failure to complete the 400-m walk test in 15 minutes constituted the primary outcome for the LIFE study, MMD (13) .
CHAMPS-5
The CHAMPS-5 is a brief, interview administered, self-report index of PA that is based on five items collected as part of the CHAMPS (17) that were directly related to the LIFE intervention; ie, it assessed both walking and strength training. Participants were asked to indicate whether they did any of the following activities in the past month: (a) walk leisurely for exercise or pleasure; (b) walk fast or briskly for exercise; (c) walk or hike uphill; (d) do light strength training, or (e) do moderate to heavy strength training. If they answered yes to any item, then they were asked how much time each week they spent on that activity. The total time in minutes for the five items was used as a measure of self-reported involvement in the LIFE PA intervention activities. The CHAMPS-5 was found to be sensitive change to the LIFE study PA intervention (13) .
Procedures
As noted above, we applied three different thresholds for defining the lower boundary of MVPA for the accelerometry data: (a) an individualized threshold based on a predictive model developed by Rejeski and colleagues (4), (b) 760 CPM (8) , and (c) 1,041 CPM (7). We did not include 1952 (5) or 2020 (6) because most participants in LIFE were unable to achieve these levels of intensity during training bouts. A cap of 1952 was placed on the individualized threshold since this is the standard threshold used for MVPA in adults. A total of 1,528 participants of the 1,635 that were randomized to the LIFE study had valid accelerometry data at baseline or at least one followup visit. For the interested reader, Supplementary Figure 1 provides frequency distributions for MVPA in minutes per week for the individualized threshold by intervention group.
Statistical Methods
Descriptive statistics, t-tests, and chi-square tests were used to characterize and evaluate the balance between intervention groups. Constrained mixed models (18) were used to evaluate follow-up differences for each MVPA and self-reported PA outcomes between randomized groups. For randomized trials, constrained mixed models can provide more efficient estimates of post-randomization intervention differences when either baseline or post-randomization measures are missing (18) . Models contained terms allowing for separate intervention effects at each time point. Linear combination of parameter estimates were used to obtain estimates of visit specific means (95% CI) and changes between visits; contrasts of these combinations were used to test for equality of visit specific and average intervention effects. Analyses also were performed on log transformed MVPA outcomes to explore the sensitivity of conclusions to the normality assumption. Prior to log transformation, 0.5 min/week was added to the median CPM to permit taking logs for participants that had 0 min/week of MVPA. Estimated means obtained from the linear combination of parameter estimates were interpreted as arithmetic means for untransformed outcomes and, after exponentiation, as geometric means for models on transformed outcomes. To explore the above results by baseline quartile of 400 m walk time, terms representing quartile and higher order interactions with the intervention and visit effects were added to the models. Tests of average intervention effects across follow-up between 1st and 4th quartiles were performed using contrasts. For analysis of time until the initial MMD event or last follow-up, censoring time was defined as the time from randomization until the last ascertainment of MMD. To explore intervention effects overall, and within quartiles of baseline function, we estimated hazard ratios (HR) with 95% confidence intervals (CI) using Cox regression models. Models used sex as a stratifying factor for the underlying hazards. Time-dependent measures of self-reported PA and MVPA from accelerometry were added to these models to evaluate whether post-randomization associations of these variables attenuated the intervention effects on MMD. All analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC) with hypotheses evaluated at the 0.05 significance level. Table 1 provides descriptive data for the analysis sample by intervention group. As expected, the age of the sample was close to 80 years (M = 78.9; SD = 5.23), 66.9% were women, 16.8% were African American and there was considerable socioeconomic diversity. Despite their advanced age, the average BMI was 30.15 (SD = 5.98) kg/m 2 . The most prevalent comorbidity was diabetes at 25.0%. Table 2 provides the expected means (95% CIs) for untransformed MVPA by intervention group across time by the three CPM thresholds. These data are also presented graphically in Figure 1 . First, as shown in Figure 1 and confirmed by the data in Table 2 , for all three MVPA thresholds there were significant differences between PA and HE at each follow-up visit as well as for the average effect across all followup visits (all p < .001). Inspection of the intervention group differences across time for the different thresholds reveal that the greatest differences occurred at 6 months, with the PA group engaging in roughly 45 minutes more MVPA each week than HE (see Table 2 ). Second, irrespective of the threshold considered, both intervention groups declined in volume of MVPA from the 6th to the 24th month follow-up visitp < .001. And third, the main difference in patterns of MVPA for the different thresholds was in the absolute total minutes of MVPA each week. For example, the largest average volume of MVPA at 6 months in the PA group was 247.0 minutes/week (95% CI = 233.4, 260.6) when using 760 CPM and the lowest when using 1,041 CPM (152.1 minutes/week; 95% CI = 142.8, 161.4). The individualized threshold yielded an average value that was intermediate between the two, 178.5 minutes/week; 95% CI = 167.6, 189.4). Analysis of log transformed outcomes (see Supplementary Table 1 ) provided similar conclusions.
Results
Description and Group Differences in Minutes of Mvpa per Week Using the three Thresholds
Baseline Physical Function and Patterns in MVPA by Thresholds for PA and HE
A second aim of this investigation was to partition the data in Table 2 by baseline quartiles for the 400-m walk time to determine whether the effect of the thresholds on patterns of MVPA between PA and HE differed by participants' level of physical function. Figure 2 provides a graphic display of the expected means (95% CIs) from models on untransformed outcomes and the data associated with this figure and results using the log transformation can be found in Supplementary Tables 2 and 3 .
There are four interesting points to glean from this figure. First, irrespective of the threshold considered, there was a decrease in MVPA from month 6 to month 24 in the first three quartiles, irrespective of whether examining the data for either PA or HE (p < .0001 within both PA and HE; see Table 2 ). Second, ignoring the 4th quartile (ie, the slowest) due to the absence of an intervention effect, the difference in total volume of MVPA for the individualized threshold between the 1st and 3rd quartile for the PA group was less than the difference in MVPA using either 760 CPM or 1,041 CPM. To underscore this point, using the data represented in Figure 2 , we computed the difference in average volume of weekly MVPA for those in the 1st versus 3rd quartile of function in the PA group at the 6-month time assessment. For the individualized threshold, the difference in weekly volume of MVPA between the 1st and 3rd quartile was -59.40 minutes; it was -123.4 minutes and -105.9 minutes for 760 CPM and 1,041 CPM, respectively. Third, in sharp contrast to the 1st quartile in Figure 2 , note that for the 4th quartile, there were minimal differences in MVPA between PA and HE for any of the three thresholds at any of the follow-up visits, with the largest intervention difference being 27 minutes per week (95% CI 5, 50) for the individualized threshold at month 24 and the remaining differences being 15 minutes per week or less. In addition, for each threshold, tests of whether the average intervention effect across follow-up was the same between 1st and 4th quartiles identified significant differences for individualized and 1,041 CPM on both transformed and untransformed outcomes (p < .05) and for untransformed outcomes for 760 CPM (p = .003). And fourth, within the fourth quartile it is evident that the individualized CPM provides higher estimates of PA than either 760 CPM or 1,041 CPM. Despite the fact that the individualized CPM should be more sensitive to differences in physical activity between PA and HE, levels are essentially identical for these two groups emphasizing the fact that accelerometry, as operationalized in this investigation, has limitations when used with low functioning older adults. Figure 3 provides a graphic display of the self-reported PA estimated mean minutes/week by intervention group for each quartile. In contrast to the accelerometry data, participants in the PA arm self-reported greater levels of PA than HE across all four quartiles of physical function. For the interested reader, Supplementary Table 4 provides the correlations between the different accelerometry thresholds and the CHAMPS-5 at the different assessment visits. As one might expect, there was a strong relationship between the two fixed thresholds at each assessment visit (r = 0.97), whereas the individual threshold was modestly correlated with the two fixed thresholds with r values in the range of 0.37-0.46. The relationships between all accelerometry thresholds and PA as assessed by the CHAMPS-5 were weak with r values ranging from 0.02 to 0.23.
In is important to note that participants in the 4th quartile had a more debilitating clinical profile than participants in quartiles 1-3. They had the highest BMI as compared to the average of Q1-Q3 (p < . Notes: *Mean (SD) or N (%). **Note that tests between groups at baseline were performed because those with accelerometry data comprised a subset of all randomized participants. In the absence of exclusions for missing accelerometry data, randomization between groups would typically provide good balance and tests would not be performed according to CONSORT recommendations. the average of Q1-Q3, participants in Q4 also had a higher frequency of heart failure/congestive heart disease (p = .0003) [ Finally, using Cox regression with accelerometry and selfreported levels of PA as time-dependent variables, Table 3 compares the effect that both the accelerometry and self-reported PA measures have on the hazard ratio for incident MMD overall and within quartiles of 400 m walk time. Note that the main intervention effect was within the two slowest quartiles (Q3 and Q4), with estimated reductions of at least 20% in those quartiles, but equal to 1% in the two fastest quartiles. Inclusion of the self-report PA measure in the model attenuates the intervention effect on MMD from a 34% reduction to a 12% reduction in Q3 and from 21 to 12% in Q4. There was less attenuation of the intervention effect when using any of the three different thresholds of MVPA from the accelerometry data.
Discussion
The results of this investigation support the position that defining MVPA using different absolute thresholds-760 CPM (8) or 1,041 CPM (7)-or an individualized threshold based on age and 400 m walk time (4) did not alter interpretation that the PA intervention in the LIFE study led to greater change in MVPA than HE. Additionally, irrespective of the threshold used, the greatest difference between PA and HE was observed at the 6-month follow-up visit, with a gradual decline in MVPA for both PA and HE from 6 to 24months. However, the use of different thresholds did result in different absolute values of MVPA with the fixed thresholds being particularly problematic Notes: FU = follow-up visit; HE = health education; PA = physical activity. when partitioning the cohort by baseline level of physical function. For example, at 6 months, the average weekly minutes of MVPA for the PA group was 178.5 minutes/week using the individualized threshold, 247 minutes/week using 760 CPM, and 152.2 minutes/ week using 1,041 CPM (see Table 2 ). At 6 months, the difference in total minutes of MVPA between the 1st and 3rd quartiles of function was -59.40 minutes using the individualized (relative) threshold, whereas it was -123.4 minutes and -105.9 minutes for 760 CPM and 1,041 CPM, respectively. This finding reinforces existing research showing that thresholds for MVPA are highly influenced by the fitness levels of participants, supporting the case for using individualized (relative) thresholds (10) (11) (12) . In previous research investigating individualized thresholds for accelerometry, researchers have relied upon a comparison of accelerometry counts relative to the percentage of VO 2 max during treadmill exercise (10) (11) (12) ). An exception is work by Pruitt and colleagues (19) as part of the LIFE-pilot study. Whereas, Pruitt and colleagues used accelerometer counts assessed during a 400-m selfpaced walk test to determine individualized thresholds, the current study used a formula published by Rejeski and colleagues (4) that enabled prediction of individualized thresholds for MVPA based on median CPM achieved with the Actigraph accelerometer during actual training bouts of MVPA. Whereas investigators interested in using accelerometry in older adult populations may continue to use fixed thresholds to define MVPA, it is worth re-emphasizing that in older adults similar to LIFE or when studying older adults that are sedentary, it is inappropriate to use thresholds of 1952 CPM (5) or 2020 CPM (6) to define MVPA since approximately only 20% of the LIFE cohort was capable of achieving such intensities during structured bouts of activity (4). This raises concern regarding conclusions reached on the PA behavior of older adults in recent large epidemiological studies that employ 2020 CPM as the threshold for MVPA (6, 20) . Additionally, one can expect significant over-and under-estimation of MVPA among older adults using fixed thresholds due to the wide variability in their individual levels of physical functioning and fitness.
Physical AcƟvity Health EducaƟon
Irrespective of the threshold used, the lack of meaningful group differences in MVPA between PA and HE within the 4th (lowest) quartile of physical function was unexpected since, as reported in the LIFE study main outcomes paper (13), there was a trend for those lower in physical function to derive the most benefit in terms of the prevention of MMD. In fact, as shown in Table 3 , the effect for the LIFE PA intervention on MMD can be attributed to the benefit derived by participants in the 3rd and 4th quartiles of baseline 400 m walk time. Interesting, when using the CHAMPS-5 self-report measures which captured both walking and strength training, participants in the 4th quartile of baseline physical functioning of the PA group reported activity levels that were considerably higher than those in the HE group. Also, the difference in self-reported activity levels between PA and HE attenuated the between group difference in incident MMD both in the overall analysis and in 3rd and 4th quartiles, suggesting that data from the CHAMPS-5 may be particularly valuable when examining dose-response effects in the LIFE study. There was less attenuation when using the accelerometry data, an effect that was most evident within the 3rd quartile with a similar pattern, albeit less marked, for the 4th quartile. Parenthetically, participants in the 4th quartile were more clinically disadvantaged than participants in Q1-Q3. Further examination of this subgroup is warranted to better understand the challenges they face and the content of an intervention that may best serve their needs. The pattern of accelerometry data between the PA and HE groups in the 4th quartile, and the fact that there was less attenuation of group differences in MMD with accelerometry, have led us to offer the following explanations. First, these data cast doubt on whether the Actigraph accelerometer when worn at the hip is sufficiently precise for capturing levels of MVPA among older adults with low levels of physical function. Second, standing and sitting exercises that involve balance and/or resistance training in the LIFE protocol could well be misclassified as sedentary behavior via accelerometry, yet be pivotal in preventing MMD. It is important to underscore the fact that in the current study the CHAMPS-5 self-report measure of PA included items related to both walking and strength training; hence, the content of this measure had improved sensitivity to the LIFE PA intervention. Also, one could also argue that self-report measures of PA such as the CHAMPS-5 capture activity relative to an individual's capacities and may be more sensitive to the heterogeneity in function observed in the 4th quartile of this cohort. For example, Zisko and colleagues (12) recently reported that among older men aged 70-77 years, the threshold for MVPA can go as low as 205 CPM. The finding that the correlations between the CHAMPS-5 and the various measures of accelerometry defined MVPA were so low supports the conclusion that these measures are capturing different behaviors.
And third, software algorithms and protocols for evaluating accelerometry data in physically compromised older adults is an area that deserves attention given the growing interest in assessing PA under free-living conditions across the lifespan and the importance of identifying interventions to prevent MMD in our aging population. In subsequent research with the elderly, investigators using accelerometry would be well advised to include intervention-specific self-report markers of PA behavior.
Limitations
This study is not without limitations. First, typical of most studies in the accelerometry literature, our data analyses were limited to the assessment of accelerations in the vertical axis. There is at least one study on older men suggesting that vector magnitude, which accounts for accelerations in all three axes, is a more sensitive measure (12) . Also, it is possible that the use of machine learning methodology or other advanced analytic methods of processing data from all three axes of the accelerometer would enable researchers to capture the unique movement patterns of participants with very low levels of function. Notwithstanding this criticism, there still exists the problem of what threshold to use in defining MVPA behavior for this population. In fact, individuals who have severely compromised physical functioning may only employ a single gait speed when ambulating. In this sense, perhaps all movement should be classified as MVPA. Second, accelerometry data was collected prospectively for 7 days whereas self-reported PA was collected retrospectively for the past month. Despite this methodological difference, it still remains that self-reported PA for those in the 4th quartile of function was higher for participants in PA than HE and self-reported PA attenuated the intervention effect on MMD. Neither effect was observed when using the three different accelerometry thresholds for MVPA. Our intent is not to discourage the use of accelerometry with older adults who have severely compromised physical function; rather, it is to motivate researchers to consider alternative methods for better understanding patterns of PA in this important and quickly expanding population.
Summary
The use of three different accelerometry thresholds-individualized, 760 CPM or 1,041 CPM-to define the threshold for MVPA in this study of older adults resulted in similar differences between PA and HE at all follow-up visits; however, when examining these data by quartile of baseline physical function, there were no meaningful differences in MVPA between PA and HE for the 4th quartile. Furthermore, irrespective of the threshold used or the quartile of baseline function considered, there was less attenuation of the intervention effect on MMD using accelerometry than when using selfreported differences in PA. This was true in both the overall analysis and in the analysis of participants in the 3rd and 4th quartiles of baseline physical function, the two quartiles in which most incident MMD events occurred. Thus, we conclude that a combination of self-report and objective measures are warranted for charting the PA behavior change with intervention studies in the elderly.
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